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DESCRIPTIONANDANALYSISOFA ROCKET-VEHICLE

EXPERIMENTONFLUTTERINVOLVINGWING

DEFORMATIONANDBODYMCYIIONS1

ByH. J. CunninghamandR. R. Lundstrom

SUMMARY

Flighttestsanda mathematicalanalysisweremadetodemonstrate
* andconfirma typeof subsonicflutterinvolvingrigid-bodymotionsand

wingdeformations.Fortheconfigurationconsidered,theperiodofthe

1 oscillationwasapproximately100chordspercyclewhichiswellwithin
therangeofperiodfoundindynsmric-stabilityworkonrigidaircraft
withfreecontrols.A ~thematicalanalysisbasedontwo-dimensional
incompressibleflowprovideda conservativepredictionoftheairspeed
atwhichthelow-frequencyflutteroccurred.ItW’aS foundthatwi~
bendingstiffnessistheimportantparameterforpreventingsuchflutter.

INTRODUCTION

Interactionofdeformationsofan aircraftstructurewiththepassim
airstreamcanleadto thedynamicinstabilityknownas flutter.For
bending-torsionwingflutter,thefrequencyof oscillationisfairlyhigh
andusuallyapproachesthenaturaltorsionalfrequencyofthewingin
stillair. Suchan oscillationmybe contrastedwithordinarydynamic-
stabilityphenomenainvolvingrigid-bodymodeswhichleadtomuchlower
frequenciesthatareusuallycontrollable.

Thefactthatthecalculatedflutterspeedmaybemodifiedby the
additionof free-bodymodeshasbeenrecognizedformanyyears.For
example,about20yearsagoitwasfoundanalytically(ref.1)thatbody
mobilityhada slightfavorableeffectonthecalculatedflutterspeed
ofa particularconfigurationtnicaloftmt day. Theproblemhas from
timetotimebeenreconsideredinbothAmericanandEritishliterature

h

%upersedestherecentlydeclassifiedNA~RML50E9, ‘description
andAnalysisofa Rocket-VeMclelhqperimentonFlutterInvolvingWing

● DeformationandBodyMotions”by H. J. CunninghamandR.R. Lundstrom,
1950.
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andthenecessityfordetermininganypotentialdetrimentaleffectof
specialconfigurations,sweptbackwings,higherspeeds,andhigheralti-
tudeshaslatelybecomemoreinsistent.A recentpaperby Broadbent
(ref.2) discussesthenecessityforincludingfree-bcdymodesinthe
studyofsweptbackwings.

.

●

Controlledexperimentationinvolvingfree-bodymodes-ishighlydesir-
ablealthoughdifficultevenat lowspeedsina windtunnel. Inrefer-
ence3 Ls.mbournegivessomee~erimentalresultsanddescribesvarious
difficultiesencountered,principallythedifficultyof supportingthe
modelsothatactualflightbehavioris sufficientlywellsimulated.
TheNationalAdvisoryCommitteeforAeronauticshasbeenengagedfor
several.yearsinmakingflutterexperimentsinthetransonicrangeby
theuseofmcxlerntelemeteringtechniqueswithrocket-poweredvehicles.
Someoftheresultsofthesee~erimentsaregivenin severalNACApapers
includingreferences4 and5. Suchflutterresearchhasbeenconcerned
almostentirelywithwingbending-torsionflutter.Recently,however,-in
connectionwithsomeoftheseexperiments,flutterfailureswereobtained ●

whichdefinitelyinvolvedmuchlowerfrequenciesthanthoseobtainedin
ordinarybending-torsionflutter.A prelimi~ accountofanunexpected
low-frequencyfailureisgiveninreference4,andtwootherlow-frequency e
failureshavebeenobservedbyW. T. Lauten,Jr.,sndJ.M. Teitelbaum
duringrocket-propelledmodeltestsat theLangleyPilotlessAircraft
ResesrchStationahWallopsIsland,Va.

ItwasdecidedtorepeattheexperimentoftheD modelofreferencek
withmoreextensiveinstrumentationinorderto obtaininformationspecific
to thistypeofflutter.Thepresentpaperincludesa descriptionofand
resultsfrommodelD ofreference4 aswellas similarandmorecomprehen-
sivematerialfortherepeatexperimentonthemodelwhichhasbeendesig-
natedmodelE. Resultsofananalysisdevelopedonthebasisof certain
simplifyingassumptionsaregiven,anda comparisonismadebetweenanalyti-
cal andexperimentalresults.
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wingsemi.chord,ft

bendingrigidity,lb-in.2

nondimensionaldistance(inwingsemichords)
linetomissilecenterofgravitymeasured
longitudinal=is, positivewhencenterof
wingmidchordline

first-bendingnaturalfrequency,CPS

second-bendingnaturalfrequency,CPS

first-torsionnaturalfrequency,cps
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paralleltomissile
gravityisbehind
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structural

structural

dampingcoefficientinbending

dsmpingcoefficientintorsion

mathematicalquntityhavingqualitiesof structuraldaqping
coefficient

torsionalrigidity,lb-in.2

momentofinertiaofmissileaboutcenterofgravity,slug-ft2

reducedfrequencyparameter,ub/v; fi/kisperiodofoscillation
in chordspercycle

lengthofwingalongleadingedgeoutboardofbody,in.

massofwingperunitlength,slugs/ft

Machnuniber

theoreticall!achnumberatwhichsonicvelocityisfirstattained
oversectionofwingtakenpe&pendicuhrto leadingedgeat
zerolift
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nondimensionalradiusofgyrationofwingsectionaboutelastic -
axis r mb2 where ~ isthemassmomentofinertiaof
wing,aboutitselasticaxisperunitlengthin slug-ft2/ft *

timeafterrocketlaunching,sec

speed,ft/sec

nondimensionalflutter-speedcoefficient

distanceof centerofgravityofwingsectionbehindleading
edge,percentchord

distanceofwingelasticaxisbehindleadingedge,percent
chord

massratio,fipb2~m

valueof K when p isstandardsea-leveldensity

airdensity,slugs/cuft

angular

angular

angul=
2Jtf~,

flutter

Thetest
testwingsas

frequencyofvibration,radians/see

uncoupledfirst-bendingfrequency,radians/see

uncoupledfirst-torsf.onfrequencyaboutelastic
radians\sec

parameter,%2( )(~ l+ig)

EXYERIMENIALINVESTIGATION

ApparatusandMethods

vehiclewasessentiallya taillessconfigurationhavingthe
theonlystabilizingsurfbcesinpitch.‘Themodelwas-

.

@-

axis,

poweredbya modifiedAerojet12AS-1OOOD rocketmotorcapableof carrying
itto greater-than-sonicspeedwithanaccelerationofabout4 timesgrav-
Lty. A sketchofmodelE is showninfigure1. Centerofgravity,weight, ●

andmomentofinertiainpitchvariedwithflighttimebecauseofthefuel
consumed. TheseparametersplottedagainstflighttimeformodelE are
showninfigure2. Thelaunchingwasmadeat theLangleyPilotlessAircraft e
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.
ResearchStationatWallopsIsland,Vs.,froma near-zero-leggthlauncher,
as describedinreference5. PhotographsofmodelE inthelaunching

9 positionareshowninfigure3. Thetestwingsweremadeoflaminated
whitepinewithan inlayof0.032-inch24S-Taluminumalloyto duplicate
as closelyaspossiblethetestwingsofmodelD ofreference4. Strain
gagesweremountedontheelasticaxesofthewings4 inchesfromthewing
root,as showninfigure1.

A six-channeltelemeterwasinstalledinthemodelwithinstrumen-
tationto givecontinuousreadingsofthestrains,left-wingbending,
right-wingbending,andright-wingtorsion,at thecorrespondinggage
locationsandalsoto givecontinuousreadingsoflongitudinalandnormal
accelerationsofthemodelcenterofgravityandangleofattackof the
mlssileoSpeedofthemodelwasobtainedby integrationof longitudinal
acceleration,andthe’altitudewasobtainedfroma pulse-typetracking
radarunit.Atmosphericconditionsprevailingat thetimeof flightwere
obtainedfroma radiosonde.

v
..

Theaccuracyofthequantitiesmeasuredisbelievedtobewithinthe
followinglimits:longitudinalandnormalaccelerations,2 percent;vel-

U ocity,4 percent;wingbendingandtwistingmoments,20percent;andphase
anglebetweenanytwoqwtities,150.

E@erimentalResults

Thephysicalcharacteristicsofthewingsas determinedbypreflight
groundtestsarelistedin tableI. DataformodelE arepresentedin
figures4 to7 as functionsoftheflighttime. Tncludedinthesefigures
aretheavailabledataformodelD fromreference4 forcomparison.Fig-
ure4 includesflightvelocities;figure7 showsMachnumberandairdensityj
figure6 showslongitudinalacceleration.Figure7 presentsthefollowing
data:bendingmomentsofbothwings(positive,wingbentdown)at the
strain-gagelocations,twistingmomentof therightwingaboutitselastic
axis(positive,leadingedgeup)at thestrain-gagelocation,andnormal
accelerationofthemissilecenterofgravity(positive,up). Itwas
desiredto obtaintheangleofattackofmodelE directlyas a function
oftime,buttheangle-of-attackindicatorwasinoperativeduringflight.
As a result,theangleofattackwasdeterminedbyuseofthenormalaccel-
erationandan assumedlift-curveslopeof0.08perdegreeas o%tained
fromlifting-surfacetheory.

Comparisonoffigure7 formodelE andfigure9 ofreference4 for
modelD indicatesthatbothflightshadsimilarbehavior.At a speedof

. about400feetpersecond,therebeganpitchingoscillationswithslowly
increasingamplitudeswhichcontinuedtoa speedofabout620feetper
secondformodelD and500feetpersecondformodelE. Overthisinterval

* theprimaryfrequenciesofoscillationincreasedfrom4 to 7 cyclesper
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secondformodelE andfrom‘jto 8 cyclespersecondformodelD, and m
therewasa considerablecomponentofthewingfirst-bendingnaturalfre-
quenciespresentonthewingbendingstrain-gagetraces.An interruption .
ordampingoftheoscillationsthenoccurredandwasfollowedby final —
divergentoscillationswithfrequenciesofabout9.0cyclespersecond
formodelD and8.5cyclespersecondformbdelE whichresultedinfail-
uresofthewingafterabout7 or 8 cycles.Thefinaloscillations
wereofa muchmoreregularchsracterandapproacheda divergentsine
wave.Thespeedsatthebeginiiingofthefinaldivergentoscillations,
670feetpersecondformodelD and5&lfeetpersecondformodelE, are
consideredtobe theexperimentalflutterspeedsbecauseoftheregularity
ofthesubsequentoscillations.As indicatedby thetimehistories,the
periodsofthelow-frequencyoscillationsforbothmodels,fromthebegin-
ningofa detectableoscillationuntilwingfailure,wereabout100chords
percycle.

Theprimaryinterestinflutterresearchcentersonthespeedand —
frequencyofoscillation.A secondaryinterestexistsinthedeflection *
amplitudesandinthephaserelationshipsofthevariousmotions;the
latterareusuallynotexperimentallydeterminablewithgoodaccuracy.
FromanalysisoftheoscillographrecordsofmodelE takenduringflutter c
overtheintervalt . 5.40secondsto 5.65seconds,theamplitudesof
wingdeformationandbodymotionsrelativetoa wing-tip-bendingamplitude
of1 inchwerefoundtoaverageabout0.0065radianforwing-tiptorsion,
0.020radianforpitching,and0.21inchfor,verticaltranslation.The
wing-tip-b-endingandwing-tip-torsionamplitudesweredeterminedthrough
theassumptionofa constantliftdistributionfromwingtiptowingtip,
whereastheamplitudeofverticaltranslationwasobtainedby integrating
thenormalaccelerationtwice.Thebody-pitchingamplitudesweredetermined
by usingthenormalaccelerationandan assumedlift-curveslopeof
0.08perdegree.Theoverallaccuracyoftheexperimentallydetermined
amplitudesisthoughttobewithin*5Opercent;thus,thesevalues are
at leastoftheproperorderofmagnitude.

Itcanbe seenfromfigure7 thatthephaserelationshipisas fol- _ ,
lowswithinthelimit~15°ofexperimentalaccuracy:At an instantmen
thewingisbentup a maximumamount,itisalsotwisted(leadingedge
up)a maximumamountand,as interpretedfromthenormalacceleration,
themissileispitchednoseup andtranslateddowna maximumamount.

ANALYTICALINVESTIGATION

Bases ofAnalysis
.

Onlyan outlineoftheanalyticaltreatmentusedto obtaintheresults
isgivenhere. Itisassumedthatthetheoryoflinearsuperpositionfor *
small distmbances holds.A simplifiedconfigurationwhichhasfourdegrees
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offreedomina symmetric
bodydegreesoffreedom:

oscillationistreated.Theresretworigid-
pitchingaboutthecenterofgavity,andver-

. ticaltranslation;andtwowing-deformationde~”eesoffreedomwhichare
approximatedby thefirst-uncoupled-bendingandfirst-uncoupled-torsion
modalshapesofan idealuniformcantileverbeam. Forconvenience,the
aerodynamiccoefficientsusedfora wingsectionarethoseofincompres-
sible,two-dimensionalpotentialflowandyieldforceswhicharepropor-
tionalto thedisplacementandmotionoftkt section(striPana~sis).
Spanwisedistributionsofairforcesdueto symmetricmotionsofa rigid
bodysxethusconstantinmagnitudeandphasingfromwingtiptowingtip,
includingthebdy intercept.InviewoftheMachnumberoftheexperi-
mentalflutter,whichiswellbelowthecriticalMachnumberMcr ofthe

airfoilsection,aerodynamiccoefficientsforincompressiblefloware
consideredsatisfactory.Coefficientsforcompressibleflowcouldbe
substituted,however.

Theconfigurationhasno otherhorizontalairfoilsurfaceandno.
otheraerodynamicforcesareassumedonthebody. Eachhalf-wingis
uniformandthetwohalf-wings,rightandleft,ofeachmissileare
treatedasa
havingthe
asarethe

beingidentical.Theeffectofgravityonan oscillation
frequencyoftheobservedoscillationis considerednegligible,
effectsofrocketthrust.

EqwtionsofEquilibrium

Inorderto obtainthetheoreticalconditionsforflutter,Lagrange’s
equationisemployed,as,forexample,inreference6,tod~ive four
equationsof equilibrium.Withtheuseofthespecifiedconditionof
harmonicmotion,thefourequationsmaybe writteninmatrixformas
follows:

Iall alz apj a14

%21 %22 a23 a24

a31 a32 a33 a34

ahl ahz a43 %4

.-
X1

X2

X3

X4-.

(1)

.
Inthisequationthequantity!2= ~

i!
()( 1 + i.g)where g hastheprop-

ertiesofa structuraldampingcoefficient.(Structuraldampingforce.
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isproportionaltoamplitudeandinphasewithvelocity.) Thequantities
xl J X2) X3,and X4 representthenondimensionalamplitudes~f
lationinwingbending,wi~ torsion,bodyPitchingjandvertical
lation,respectively.Onthebasisoftheforegoingassumptions,

a31S:-0.33177(-s+ ~ + % -

theconfigurationtreated,

1all= ~ --Ach

a12= 1.3558(?-Am)

( )
a~3. 1.5662‘s+ ~ + ~ - Acp

a14= 1.5662all

S.21=
(

0.6778~ - Aah
)

ra2
—-Ama22= ~

oscil-
trans-
fer

Adh)

.

a32
[

=..0.5395=+ 1bA2?LItK
r2

a33= ~ “ Adp

a34= -Ati 8–

a41=0.33177a11 ..- b-

a42= 0.39793a12 -—

[

2 (-s+ a)~-A
a23= 1.2732~+

K 1ap a43=.-Acp

a24‘ l“8784a21 a44= ~ - AchKT

where

Ad =Afi(\)= -1. 2G+i~

Aa = Aa(k,a)= a+ ~ -
(*-a)Y+i~+%+(*- a)Y]

Aah=
()

A~(k,a)= - ~- :+ aAch

.

.
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A= = A=(k,a) = - ~ - a2 -
($+ a)~+ (:- “)y+

Ac-p= Am(k,s)

b =Aah(k,s)

Adp= A=(k,S)

Aap(k,a,s)= A= - (s- a)Ati

&(k,., s)= A= - (S - a)Am

and

~p2 Massmomentofmissileinpitchaboutitscenterof gravity—=
K (Span)fipb4

1 Totalmassofmissile—=
~T (Span)fipb2

Thequantitya is thenondimensionaldistance(inwingsemichords)
fromthewingmidchordlinetothewingelasticaxis,positivewhenthe
elasticaxisisbehindthemidchord.Thequantitys is thenondimen-
sionaldistance(inwingsemichords)fromthewingmidchordlineto the
centerofgravityofthemissile,positivewhenthecenterofgravityis
behindthemidchord.ThequantitiesF and G aretherealandimagi-
naryparts,respectively,ofthecomplexfunctionC . C(k)=F(k) + iG(k)
developedinreference7. Thereducedfrequencyparameterk equals$

It istobe recognizedthatequation(1)representsa characteristic-
valueproblemofaeroelasticharmonicmotion.The aij’s dependon the.
redycedfrequencyk,whereasQ containsthefrequencyu. Combinations
of m and k whichresultina specifiedvalueof g arethecharacter-

. isticvalues(eigenvalues)ofthesystem.Khowledgeof k and u leads
toa flutterspeed v. Thetrivialsolutionxl = x2 = x3 = x4 . 0 is,of
course,notsought.
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Thequantitiesp and T areproportionaltoanymechanical
.

restoringforceduetobodymotionsinthebody-pitchingandvertical-
translationdegreesoffreedom,respectively.Suchrestoringforcescould - ~
exist,forexample,ifthemodelweremountedon springsina windtunnel.
Whenthewing-bodycombinationisofthefreelyflyingtype,however,there
isnomechanicalrestoringforce;thatis,thenatural(invacuo)frequen-
ciesofthetworigid-bodydegreesoffreedomarezero.Hence,the
characteristic-valuesolutionsforequation(1)aresoughtat the
limitas p and T approachzero.

DISCUSSIONANDCOMPARISONOFANALYTICALANDEXPERIMENTALRESULTS

Rayleigh-RitzTreatmentinFourDegreesofIlreedom

Whenequation(1)forharmonicmotionistreatedintheRayleigh-
Ritzmannerthereexistingeneralfourrootsof flutterspeedandfre- P

quencywhichsatisfytheequationsofequilibrium,althoughoneormore
roots~ havenophysicalsignificance.Fortheconfigurationtested
andanalyzed,thecritical(lowest)flutterspeedroot(designatedrootA) ‘
correspondstoan oscillationinvolvingappreciablel?roportionsofthe
rigid-bodystabilitymodesata frequencywhichisa fractionofthewing
first-bendingnaturalfrequency.Thenexthigherspeedroot(designated
rootB) correspondsto theconventionalwingflexure-torsionflutterand
onlyminuteamplitudesofrigid-bodymotions‘krepresent.

Duringtheflighttimeafterlaunching,severalflutterparameters
werecontinuallychanging.Suchvaryingparameterswere: airdensity,
weightandmassmomentinpitchofthemissile,andthelocationofthe
missilecenterofgravity.Thesecombinedchangeshaveonlya moderate
effect,an increaseofabout7 or 8 percent,oithecalculatedflutter

—

speed(rootA) from t = O tothetimeofwingfailure.Thecalculated
flutterspeedsas functionsoftimeareincludedinfigure4. (The
correspondingchangesin flutterfrequencies,amplituderatios,and
phasingsarealsosmall.)Theintersectionsof calculatedflutterspeeds
andflightspeedsgivethepredictedflutterspeeds,520feetpersecond
formodelD and435feetpersecondformodelE, as showninfigure4.
Thecorrespondingpredictedflutterfrequenciesare6.ocyclespersecond
formodelD and4.3cyclespersecondformodelE. Eachconfiguration
didnotflutter,however,untilitsflightspeedwas30percenthigher,
670feetpersecondformodelD and5~ feet~ersecondformodelE, as
alsoshowninfigure4. Thus,theanalysiswasconservativein itspre-
dictionsofflutterspeeds.

.
Withregardtothedegreeofconservatismoftheanalyticallypre-

dictedflutterspeedsit shouldbepointedoutthat,eventhbughthe
aspectratiois7 (includingbodyintercept),thefinite-spancorrection .
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. totheflutterspeedislargeforsmallvaluesofthereducedfrequency
parameterk. FormodelsD andE, theanalyticalvalueof k wasapprox-
imately0.027whichis smallforflutterwork. Reference8 givessome

. resultsoffluttertestsmadeinparttodeterminetheeffectoffinite
aspectratioontheflutterof cantileverwings.Theflutterwasthe
bending-torsiontypeandoccurredmostlyina rangeof k fromabout
0.15to0.30.Accordingto theresultsofreference8 foran aspect
ratioof6 to 8,thefinitespancausesan increaseofroughly5 to 10per-
centintheflktterspeed.Forsucha lowvalueof k aswasobtained
withmodelsD andE, it isknownthatthefinitespancausesa consider-
ablylargerincreaseintheflutterspeed.Therefore,itappearsthat,
iftheproperfinite-spancorrectionsweremade,ananalyticallypredicted
flutterspeedwouldagreemuchbetterwiththeexperimentallydetermined
one. Compressibilityeffectsalsoinfluencetheresultsandcanbe taken
intoaccount.Itis of interesttonotethatan oscillationwith k = 0.027
hasa periodof117chordspercyclesince X/k equalstheperiod.This
valueoftheperiodiswellwithintherangeofperiodtreatedindynamic-

. stabilityworkwithrigidorunreformableaircraft.

Theamplituderatiosandphasingofthevariousdegreesof freedom
. associatedwithrootA formodelE when t = 5.2secondsbasedona wing-

tip-bendingamplitudeof1 inchareas follows:

Degreeof freedom Relativeamplitude Relativephaseangle,
deg

Wing-tipbending 1.0000inch o

Wi~-tiptorsion .00436radian 179.1

Rigid-bodypitching .01679radian 186.1

Rigid-bodyvertical
translation .2437inch 186.0

Theparametersusedwere: massmomentofmissileinpitch,13.25slug-
feet2;weightofmissile,211pounds;airdensity,0.002260slug
percubicfoot;andtheparametersof therightwingofmodelE. Thewing-
tip-torsionsmplitudeis one-quarterofthebody-pitchingamplitude,and
theverticaltranslationamplitudeis one-quarterofthewing-tip-bending
amplitude.Eachdegreeof freedomisverynearlyinphaseoralmostdia-

. metricallyoutofphasewithotherdegreesoffreedom,(onthebasisthat
positivetranslationandwingbendingaredownward,whereaspositiveangu-
lardisplacementisleadingedgeornoseup). Alsoof interestisthe

. virtualidentityofphasingofthetworigidrbodymodes,whichfact,together
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withtheappropriateamplituderatios,indicatesthat
pitchingeffectivelyabouta lateralaxis14.9inches
silecenterofgravity.Alltheanalyticalamplitude
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themissileis
forwardofthemis-
rati.osandphase

‘relationshipsa&ee withtheirexperimentalcounterparts(reportedin
sectionentitled“ExperimentalResults!’)withintheexperimentalaccuracy.

.

.

Theamplituderatiosofwingflexure.torsionflutter(rootB),based
ona wing-tip-bend$ngamplitudeof1 inch,areminuteforthetwobody
degreesoffreedom,whereasthewing-tip-torsionamplitudeis0.0676radian
witha phasingofabout-180.Theratioofbow weighttowingweight
rangedfrom38at timeoflaunchingto 31at timeofwingfailurefor
modelE; ifthisratioweresmaller,morerelativebodymotionmightbe
associatedwithrootB.

EffectofVariousBinaryandTernaryCombinationsofFreedoms

Analysesemployingvariousbinaryandternarycombinationsofdegrees
offreedomweremadeandtheresultswerecomp&redwiththoseofthefour-

.

degree-of-freedomanalysis.Resultsaregivenintable11. Theparameters
usedthroughoutarethoseoftherightwingofmodelD andthoselistedat .
thetopoftableII. Thefour-degree-of-freedomanalysisisdesignated
type(a).

ConsiderrootA. Theadditionofthewing-torsiondegreeoffreedom
to ananaIysisnotalreadyincludingit correspondstoa reductionof
torsionalstiffnessfroman infinitevaluetothefiniteexperimentally
determinedvalue.Eventhoughtheamplitudeofwing-tiptorsionina
four-degree-of-freedomanalysis,type(a),is smallcompsredwithbody-
pitchingamplitude,additionofwingtorsiontoanalysistypes(c)or (e)
sothattheybecometype(d)or (a),respectively,causesa significant
reductionofabout13percentintheanalyticallydetermhedflutter
speed.Thesereductionsindicatethatitispotentiallydangerousto
excludethewingtorsionfromananalysisofbody-freedomflutter.The
additionofthevertical-translationdegreeoffreedomtoanalysis
type(c)or (d),sothatanalysistype(e)or (a),respectively,is
obtained,effectsan increaseof50percentintheflutterspeedand
demonstratesclearlythatit isnotrealisticto excludeverticaltrans-
lationfromananalysistreatingbodyfreedoms,at leastforthepresent
configuration.Thus,it seemsclearthatat leastthefourdegreesof
freedomemployedinthisreportshouldbe includedinananalysisofsym-
metricalbody-freedomflutter.Thewing-bendingstiffnessis ofpredomi-
nantimportancetotheflutterspeedforrootA inasmuchas thatflutter__ _
speedisvirtuallydirectlyproportionaltothenaturalbendingfrequency,
at leastintherangeoflowratioofbendingfrequencyto’torsion
frequency.

Theflutter
torsionflutter,

.

speedandfrequencyofrootB,primarilywingbending-
areunchangedregardless ofwhichty-peofanalysis,(a), -
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● (b),or (d),is employed,andforrootB theflutterspeedispredominantly
affectedby thetorsionalstiffnessin contrastwiththepredominanteffect
ofbendingstiffnessontheflutterspeedofrootA..

EffectofRelativePositionsofWingandMissile

CenterofGravity

Anothervariablewhoseeffectwasstudiedwasthedistancefromthe
missilecenterofgravityto thewingleadingedge.Theflutterparameters
usedwereagainthoseoftherightwingofmodelD andthoselistedin
tableII exceptforthefixeddistancebetweenthewingleadingedgeand
missilecenterofgravity.Theanalysiswastype(a);thatis,it included
allfourdegreesoffreedmn.

Figure8 showsthetwocalculatedrootsA andB offlutter-speed
. coefficientas a functionofthedistanceofthewingleadingedgebehind

thecenterofgratityofthemissile.Theexperimentalflutter-speed
coefficientformodelD is includedinthefigureat a wingpositionof

“ 3.38semichords,eventhoughtheexperimentalparametersdifferedslightly
ormoderatelyfromthoseat thetopoftable11onwhichtheanalytical
curvesarebased.Iftheparametersoftheanalysiscoincidedwiththeir
experimentalcounterparts,thecalculatedcurveswouldbe affectedby only
a fewpercent.Theimportantpointisthattheexperimentalflutterspeed
isabout30percenthigherthanthecalculatedone. Itispertinentto
recallthatthemissilehasno horizontalairfoilsurfaceotherthanthe
wingandthatthemissilewouldbecomestaticallyunstablewiththewing
veryfarforwardnearthecenterofgratity.Sucha rigid-bodystatic
instabilityisnotindicatedinthefigure.Twolow-frequencyfailures
ofmissileswhichdidhavehorizontaltailssndwhichhadthemissile
centerofgravityatapproximatelyone-eighthchordhavebeenobserved
duringrocket-propelledmodeltestsmadeat theLangleyPilotlessAircraft
ResearchStationatWallopsIsland,Va.

Ifanalysistypes(c)or (d)(seetable11)whichdonotincludethe
freedomofverticaltranslationwereemployed,itwouldbe predicted,on
thebasisoftheaerodynadcforcesoftwo-dimensionalincompressible
potentialflowdevelopedinreference7, thatsingle-degree-of-freedom
rigid-bodypitchinginstabilitywouldbe encounteredovertheapproximate
rangeofwingpositionshowninfigure8. Thissingle-degreepitching
instabili~wasinvestigatedanalyticallyby Smilginreference9. The
quantityI@rpb4 ofreference9 (whereI& representsthemassmoment
inpitchofthemissiledividedby thespan)isabouttento eleven

● thousandformodelsD andE. Thepredictedborderlineflutterspeed
(rootA),ifno verticaltransitionwereperditted,wouldbe zerointhe
criticalrangeofwinglocation,sincenomechanicalrestraintofpitching

. exists;thatis,thein-vacuonaturalrigid-bodypitchingfrequencyis
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zero. Itappears,however,thatsuchanunhappypossibilityisprecluded, .
evenintwo-dimensionalincompressibleflow,by theactualexistingfree-
domofverticaltranslationofthemissileinflight,at leastforthe
configurationtreated. .

Thetwolow-frequencyfailuresofmissilesobservedduringtherocket-
propel.ledmodeltestsmentionedpreviouslywillnowbe considered.Each
ofthesemodelshada pairofunsweptrectangularuniformmodelwings
24 inchesby 8 inches.Forconvenience,themodelswe designatedmodels
and7. Thewingsofmodel6 weredesignedtobe similarto,although
slightlysmallerthan,thewingsofmodelsD andE ofthepresentreport,
andtheWfngfirst-bendingandfirst-torsionfrequenciesofmodel6 were
practicallyidenticaltothoseofmodelD. Theleadingedgesofthe
wingsofmodels6 and7 werelocatedslightlyaheadofthemissilecenter
ofgravity,-0.25semichordformodel6 and-0.38semichordformodel7.
Thecompletemodels6 and7 hadweightsandmassmomentsinpitchapprox-

6

.

imatelyone-thirdas greatas thoseofmodelsD andE. Eachmodelincluded
a horizontaltailhavinganareaeqpalto about20percentofthewingarea, ,
anda taillengthofaboutone-qyarterofthetotaltip-to-tipwingspan.

Thus,itmaybe seenthatmodels6 and7, exceptfortheaddedhori- .
zontaltails,weredynamicallyfairlysimilartoa hypotheticalmodelD
orE whichhashaditswingsmovedforwardnearto themissilecenterof
gravity.Inthelightof suchobservation,itisinterestingto examine
figure8 fora smallnegativevalueoftheabscissaorwingposition.
Inthatregionthespeedoftheflutterinvolvingbodymotionsispre-
dictedtobe lowerthanthespeedforwingbending-torsionflutterofa
modifiedmodelD orE.

Allthesecircumstancesleadtotheconjecturethatthehorizontal-
tailvolumesofmodels6 and7 weresufficientlylargetopreventa
staticinstability,butnotsufficient,orthetailswereimproperly
placed,topreventa low-frequencybody-fieedcnnflutter.

CONCLUSIONS

Thefollowingconclusionsmaybe,drawnfromflighttestsanda
mathematicalanalysismadeto i.nve6tigatea t~e offlutterinyolving
wingdeformationandbodymotionsofa particularconfigurationand
certainmodificationsofthatconfiguration:

1.Thepossibilityofa fluttertypeofdynamicinstability
involvingappreciableproportionsofrigid-bodymotionsaswellaswing
structuraldeformationshasbeenpredictedanalyticallyandconfirmed .
experimentally.Theflutterwasentirelydifferentfromconventional
wingbending-torsionflutterinthatthefrequencywasaboutone-half .
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thewingfirst-bendingnaturalfrequency.Theperiodwasapproximately
100chordspercyclewhichiswellwithinthersmgeofperiodfoundin

. rigid-bodycontrol-freestabilitywork.

2.A flutteranalysisbasedontwo-dimensionalincompressibleflow
protideda conservative(by30percent)predictionoftheairspeedat
whichtheflutterwouldoccurfortheconfigurationstudied.

3.Wing-bendingstiffnessratherthanwing-torsionalstiffnesshas
thepredominanteffecton speedofthebody-freedomflutter.

4.At leastfourdegreesoffreedom,wingbending,wingtorsion,
bodypitching,andbodyverticaltranslation,shouldbe includedinan
ahalysisof symmetricalflutterinvolvingwingdeformationsandbody
motions.

5.Theanalysispredictedthat,ifthewingweremovedrearwardfrom. a positionof coincidenceofwingquarterchordandmissilecenterof
gratity(nohorizontaltailpresent),thespeedof flutterinvoltingbody
motionswouldfirstdecreasesharplyuntila certainwingpositionrela-.
tivetothecenter-of-gravitylocationwasreachedandthenwouldincrease
slowlyas thewingwasmovedfartherto therear.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,September28,1950.
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T!ARLEI

WING PMW@J!ERS

,

ModelD Model E
Parameters

Left wing Right WiIW Left wing Right Wills

Airfoil section . . . . . NACA 65$300 NACA6~Ao06 mcA 65AO06 NACA65Am6
%“”””””””””” . o.& 0.84 O.w
lain. . . . . . . . . . 29.875 29.877 30 30
A. . . . . . . . . . . 3 3 3 3
b, ft . . . . . . . . . . 0.419 0.419 0.417 0.417
Xcg,percent chord . . . 38.8 37.6 40.0 40.94
Xea, percent chord . . . 33.5 35.2 36.73 37.5
a. . . . . . . . . . . . -0.33 -0.296 -0.265 -0.25
a+% . . . . . . . . . -0.224 -0.248 -0.20 -o.1812

1 24.6 25.1 31.11 31.08
k(stna.)“ “ “ “ “ “ “ “
2

‘a “ ““ ““- ““ “ “ “ 0.2255 0.2105 0.183

fhp KW . . . . . . . .

0.1837
19.5 20 16 16.5

fhz,cps . . . . . . . . 1.15.o 115.5 99 106
ft,cps. . . . . . . . . 134 138.5 118.5 119
fa,cps. . . . . . . . . 131 137.5 117.0 117.5
GJ,lb-in.2. . . . . . . 3.36x 105 3,61x 105 2.552X 105 2.755 X 105
EI, lb-in.2 . . . . . . . 2.76x @ 2.93 X@ 2.31x 105 2.34x 105
gh . - -.---*--- 0.05 ----------- 0.04 0.04

b . . . . . . . . . . , 0.01 0.02 ------------- 0.01
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TABLEII

MISSILEPARAMEI!ERS

[Missilecenterofgravityis17 inchesleadingedge;missilemassmomentin
14.8shg-ft2;missileweightis236

aheadofwing
pitchiS
lb; air

densityp is 0.002272slugpercu ft~

Flutter-speed Flutter
coefficient, frequencyratio,

Typeof Degreesof /V* /u%analysis freedomincluded
RootA RootB

(1) (2) (3) RootA RootB

a F T P v 9.6 22.3 0.26 3.40

b F T - - ---- 22.5 ---- 3.40

c F - P - 7.3 ---- 0.20 ----

d F T P - 6.4 22.5 0.17 3.40

e F - P v 11.2 ---- 0.287 ----

lDesignation ofdegreesoffreedom
F- wingflexure(firstbending)
T- wingtorsion(firsttorsion)
P - rigid-bodypitching
v- rigid-bodyverticaltranslation

‘?RootA - criticalbody-freedomroot
3RootB - criticalwingbending-torsionroot

—

—



, . ●

Sta.
o 58.7 76.0 92.7

LaunckQ centerof gravity

1/

/

/
~ %0 T

15.31

.— — —— J& --L-.. .1
4

Rocketmkxr~ ml

. .

Flutterw@_ -10+

~. y

! T
-— . —m.625 — -

i i section
+ Section

.-’l— ~
Stratigages 4,0

I J

Figure l.- L9yout of flutter test vehicle,
h inches.

mad E. AU dimensionsare

A-A:
B-B:

NACA 65AD36
NACA 63-009



2L0

220

200
5
.
$“
g 182

140

[

o 2 b 6 8 10 u 14

Tie h h.illChlll& S~C

Figure 2.- Variations of mdel E weters with time.

*,

,11 .

.

1

,



, * * , . t

.1
!., ,.

I

L-60@2 L-604.f33

Figure 3.-Model E in laonching position.

i-u
F



●

I I ! I

em

Experimentalflutter speeds

m

Cekulated flutter speeds (RootA)
. . . .—

400

/ ‘

/ ‘
Predicted flutter
speeds (Root A)

200 / A

/

o
0 1 2 3 4 7 6

F@.re 4.-

Time from launching, sec

Velocity plotted against time.

s ,

1 !1, .111

,



.0025

.
a .0023

$ .0022

.OmL

.8

.6

.2

0

, . * .

o 1 2 3 4 3 6

Time from lauuchlng, sec

Figure 5.-Air density and Mach number variations with time.



24 NACATN 3311

.

.

5

4

3

2

1

0

ModelD

/~

t

I

i

1

1’

/
/

o

Figure

1 2 3 ‘4
The fromlaunching,sec

5

6.-Variationsoflongitudinalaccelerationwithtime.

6

.

!!

.

.



* ,

mlo

u
. ●

5.0 5.4 5.8

Figure 7.- Portion of telemeterrecord of model E.

,“



24 I

RootB (bendingtorsionflm~)
— — — — — —

a \

16

merimmt, IlkMelD-

\ ‘% RootA (kdy mtion + wingdeformtlm)
-J2

— . L – - ~ ~ : ~ ~ -

8

&

Apprmimste range of predktd singledegree
pitcblng unstable oscill.atim, (ref. 9)

4

0
-1 0 1 2 3 4 5 6 7 8

Metance of wing keding edge beblnd mdel centerof gravity h wing semicbmda

Figure 8.-Varfatlon of flutter-sped coefficient with wing ~sition,

1

, .

1, ,,

, .

1.

. .

1,


